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Surface phonons in periodic and Fibonacci Nb/Cu suyerlattices
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Surface phonons in both periodic and Fibonacci Nb/Cu metallic superlattice systems have been stud-

ied by means of the Brillouin light-scattering technique. Measurement of the phase velocity of the sur-

face Rayleigh wave enabled us to compare the elastic properties of these two types of structures with

those calculated from the elastic constants of bulk Cu and Nb. The results obtained have shown that the

relevant parameter for determining the elastic behavior of quasiperiodic Fibonacci superlattices is the

average distance between Nb/Cu interfaces, rather than the quasiperiodicity, which is the governing pa-

rameter in x-ray and structural analysis.

I. INTRODUCTION

In recent years the elastic behavior of Nb/Cu periodic
superlattices (PSL) has been the subject of both experi-
mental and theoretical investigation. The reason for the
interest was the discovery of a marked dependence of the
surface Rayleigh wave velocity on the period of PSL. '

This anomaly has been explained using a simple model
based on the Murnaghan equation of state, which corre-
lates the elastic anomaly to the observed variation of the
lattice constant perpendicular to the interface. Little is
known, however, about the elastic response of nonperiod-
ic superlattices, such as quasiperiodic Fibonacci superlat-
tices (QPFSL). These structures are an intermediate state
between ordered and disordered materials, so that Bril-
1ouin scattering investigation can give a further insight
into the role of interface effects on their elastic properties.

The aim of this paper is to compare the results of Bril-
louin scattering measurements on periodic Nb/Cu super-
lattices with those obtained in Nb/Cu QPFSL. Measure-
ments of the surface Rayleigh wave (RW) phase velocity
are presented and the effect of the interfaces in determin-
ing the elastic response of both periodic and Fibonacci
superlattices is discussed.

II. CHARACTERISTICS OF THE SPECIMENS

The Nb/Cu superlattices studied were deposited by
magnetron sputtering on glass substrates. The thickness
of alternate layers was controlled by a quartz resonator
located inside the sputtering chamber. Three periodic su-
perlattices have been investigated, all having equithick
layers of Nb and Cu. The first is made by 400 bilayers 2.5
nm thick, corresponding to a total thickness of 1 pm.
The second consists of 100 bilayers 10.8 nm thick (total
thickness 1.08 pm); the third of 50 bilayers 2.3 nm thick
(total thickness 1.15 pm). The quasiperiodic Fibonacci
superlattice is made by two building blocks A and B,
which are superimposed according to the Fibonacci
sequence: S& = A, Sz = AB, S3 AB A S-

= 'ISJ. ,S~ 2J. In our case the sample is a twelfth gen-

eration superlattice; block A consists of 6 nm Cu and 3

nm Nb, so that d z =9 nm; block B consists of 3 nm Cu
and 3 nm Nb, so that d~ =6 nm. The total thickness is

about 1.83 pm and the average lattice parameter, i.e., the
quasiperiodicity of this sample, is pq 7dq+d~=20. 5

nm, where r =(1+&5 ) /2 is the golden mean.
X-ray-diffraction spectra have shown that Nb/Cu su-

perlattices are polycrystalline with a well-defined texture
perpendicular to the surface. The orientation of the crys-
tallites is (ill) for Cu and (110) for Nb. Due to the ran-

dom orientation of the crystallites in the surface plane,

the structure is elastically isotropic in this plane. The
superlattice film can thus be modeled as a hexagonal elas-

tic medium, with the c axis orthogonal to the free surface.
Five independent effective elastic constants are required

to describe the elastic properties of the structure: refer-

ring to a coordinate system with the x3 axis perpendicu-

lar to the surface, these constants are labeled c», c &2, c]3,
c33 and c44 . Starting from the bulk elastic constants of
fcc Cu and bcc Nb given in Ref. 6, we have calculated the
elastic constants of polycrystalline Cu(111) and Nb(110),
taking the Voigt average around the crystallites. These
values have been used to calculate the effective elastic
constants of periodic superlattices according to the
effective modulus model outlined in Ref. 8. %ith respect
to the QPFSL, we have first calculated the effective con-
stants of sublattices A and B, taking into account the
fraction of Cu and Nb constituting each of them; the
effective elastic constants of the QPFSL have then been

obtained simply from those of A and B, provided that a
Fibonacci lattice can be regarded as a superposition of
the two periodic sublattices A and B with periods v.d~
and dz, respectively. In Table I we show the calculated
values of the effective elastic constants of Nb(110),
Cu(111), and of Nb/Cu superlattices together with the
values of the mass densities and of the surface Rayleigh
wave velocity vz, this latter has been calculated by use of
a numerical procedure, based on the theoretical approach
of Ref. 9. It can be seen that UR does not appreciably
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TABLE I. Elastic constants of polycrystalline Cu(111), Nb(110), and of periodic and Fibonacci
quasiperiodic Nb/Cu superlattices analyzed here. These values are obtained by means of the &oigt
average, within the effective-medium approximation. In the last two columns we have reported the
mass density of each lattice and the calculated phase velocity of the Rayleigh surface wave v&.

Nb(110)
Cu(111)
PSL
QPFSL

220.4
220.3
216.5
216.7

C13

146.0
86.8

117.7
110.7

(GPa)
C33

216.9
237.6
226.8
229.3

c44

42.5
40.8
41.6
41.5

P
(g/cm )

8.570
8.960
8.765
8.811

(m/s)

2053
2079
2086
2089

differ for both the constituents Cu(111) and Nb(110) and,
consequently, it is almost the same in PSL (U~ =2086
m/s) and in QPFSL (u~ =2089 m/s). This means that the
experimental values of Uz relative to QPFSL and PSL can
be directly compared, even if the Cu and Nb content of
these two structures is slightly different.

III. KXPKRIMKNT AND DISCUSSION

the periodic superlattice. We stress that, according to
the calculated values of Table I, the Rayleigh wave veloc-
ity for the QPFSL should practically coincide with that
of the PSL (dashed line in Fig. 2) in the absence of elastic
anomalies. It can be seen, however, that the measured
value is considerably lower than the one expected on the
basis of the PSL experimental data. In order to find the

Brillouin spectra have been taken in air at room tem-
perature by means of a tandem triple pass Sandercock-
type Fabry-Perot interferometer' '" having a finesse of
about 150 and a contrast ratio greater than 5 X 10' . The
light source is an Ar+ laser, operating on a single mode
of the 514.5-nm line. Both incident and scattered light
were polarized in the plane of incidence (p-p scattering).
Measurements have been taken in the backscattering in-
teraction geometry; in this condition the wave number Q
of surface phonons coming into the scattering process is
fixed by the conservation of momentum: Q=2k sin0,
where k is the optical wave number and 0 is the incidence
angle of light.

Typical Brillouin spectra taken on a periodic and on a
quasiperiodic superlattice are shown in Figs. 1(a) and
1(b), respectively. The Rayleigh wave phase velocity U~

has been determined from the measurement of the fre-
quency shift f of the RW peak, according to the relation-
ship

Ug =ref/k sin8 .

In PSL's we have found a marked increase of this ve-
locity, from 1800 to 2030 m/s, as the period increases
from 2.5 to 23.0 nm. This behavior is illustrated in Fig.
2. The horizontal dashed line indicates the expected
value of the phase velocity, obtained from the Voigt esti-
mate, on the basis of the effective modulus model, as out-
lined in the previous paragraph. In the absence of inter-
face anomalies one should find the same value of the
phase velocity, whatever the period. Actually, the disper-
sion of the phase velocity found experimentally indicates
the presence of interface anomalies whose effect becomes
noticeable when the period of the structure is decreased.
In Fig. 2 we have also reported the value of the phase ve-
locity measured on the QPFSL. The experimental point
(filled square) is located in correspondence to the quasi-
periodicity P =20.5 nm, which is the relevant parameter
with respect to translational order just like the period in
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FIG. 1. Brillouin spectra taken on a periodic Nb/Cu super-
lattice (a), with period p=2.5 nm and total thickness 1 pm, and
on a Nb/Cu quasiperiodic Fibonacci superlattice (b), with

quasiperiodicity Pq =20.5 nm and total thickness 1.83 pm; the
angle of incidence of light is 0=67.5 . The peak labeled RW is

due to the surface Rayleigh wave.
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FIG. 2. Measured values of the Rayleigh wave phase velocity
as a function of the superlattice period. Open circles refer to
PSL's; the solid line is a guide to the eyes. Squares refer to the
QPFSL; the arrow indicates how the point relative to the
QPFSL must be translated if one assumes the double average
distance between Nb/Cu interfaces as the "effective period" of
the structure (open square), instead of the quasiperiodicity
(filled square). The horizontal dashed line indicates the phase
velocity calculated on the basis of the effective modulus model,
neglecting interface anomalies.

reason for this discrepancy we must consider the origin of
the dependence of the elastic response on the period. As-
suming this dependence to be due to interface-induced
deformations, we can take the number of Nb/Cu inter-
faces per unit length, i.e., the average interface density, as
the pertinent parameter. In the case of the QPFSL here
analyzed, this parameter can be directly determined since
we know that sublattice A is made by 6 nm Cu and 3 nm
Nb, while B is made by 3 nm of both Cu and Nb. In ad-
dition, a high generation Fibonacci lattice can be

modeled as a superposition of sublattices A and B, with

weighting factors ~ and 1, respectively. This means that
as an average, block A is ~ times more present than block
B. Therefore, the average distance between the interfaces
in the QPFSL is

d, (QPFSL}=
rd;(A)+d;(B)

~+1
r(3+6)/2+ (3+3)/2

~+1

IV. CONCLUSION

The phase velocity of the surface Rayleigh wave has
been measured on both periodic and Fibonacci quasi-
periodic Nb/Cu superlattices. In PSL s our results indi-
cate a strong dependence of the phase velocity on the su-
perlattice period. This dependence is consistent with that
observed in previous investigations of Nb/Cu PSL's and
can be attributed to interface-induced strains. In Fi-
bonacci superlattices we have found that the phase veloc-
ity of surface modes is linked to the average Nb/Cu inter-
face density rather than to the quasiperiodicity, which is
the relevant parameter in x-ray and other structure-
sensitive techniques. This result is a further step toward
the comprehension of the origin of elastic anomalies in
artificially created metallic multilayers.

where dt(A) and dt(B) are the interface distances in A

and B, respectively. This corresponds to an "effective
period" of about 8 nm, i.e., to an average interface densi-

ty of 0.125 nm '. From this argument, the experimental
point in Fig. 2 should correspond to an effective period of
8 nm, i.e., it must be shifted to the left (open square} as
shown by the arrow in the figure. In such a way, the
value of the Rayleigh wave phase velocity measured on
the Fibonacci superlattice (1890 m/s) appears perfectly
consistent with the values measured in periodic superlat-
tices.
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